Abstract
Introduction

51
In China, The total energy consumption of district heating systems in northern 52 areas covers 24% of the total energy cost of building energy systems [1] . Therefore,
53
improving the operation efficiency of district heating system is important to reducing 54 energy cost and enhancing room comfort. In large scale district heating systems, the 55 heating substations are the terminals, which control the heat outputs to the secondary 56 networks. Efficient regulation of the district heating network relies on effective 57 operation and control of the heating substation. radiator heating system in a room [14] . In our previous work, the control oriented 110 approaches were adopted to establish an accurate low order model of room heating 111 7 system and propose a two-degrees-of-freedom ∞ loop-shaping controller [15] .
112
Research on the operation stability of district heating system focuses on dynamic 
159
As is shown, oscillation of primary side flow rate occurs when supply temperature is The thermal dynamics of plate heat exchanger can be described by a pair of 182 partial differential equations (PDEs) [11] : system ( ) (transfer function from primary flow rate to secondary supply 217 temperature) [12] . The third step is to draw the curve of ( ) on the complex plane 218 for varying along the imaginary axis from 0 to i∞. This curve is called the 
256
Different selection of equilibrium points will lead to different linearized models.
257
However, all of the possible equilibrium points of the nonlinear system (Eq. (5) and
258
(6)) lead to a set of linearized models, with which it is sufficient to study the robust 259 stability of the nonlinear system [17].
260
The input-output structure of plate heat exchanger is illustrated in Fig. 5 . The 261 inputs can be divided into two categories: manipulated inputs and disturbance inputs.
262
In district heating substation, the secondary supply temperature , is controlled by 
Models of the controller and valve
270
The PI control law is usually adopted as feedback controller in district substation control system will be unstable.
311
Here the complex variable can be replaced by the pure imaginary variable i in heating substation changes largely. As is observed in Fig. 3 , with the primary 334 supply temperature increasing to a high level, the operation stability of heating 335 substation will be damaged, and the oscillatory will occur.
336
Therefore, case (a) for a certain operating condition doesn't mean that the 337 heating substation will be stable for all operating conditions. To ensure robust stability 338 of heating substation at all conditions, the case (a) should be held for all perturbed 339 models ′ at any operating conditions. This criterion also indicates that robust 340 stability for all operating conditions can be ensured with a small loop gain: | (i )|, 341 which means that if the absolute value of (i ) is small enough, operation stability 342 can always be satisfied. This can be intuitively observed from Fig. (8) . Fig. 9 shows shown if all of these curves do not encircle or cross point (-1, 0), the heating 345 substation will be stable at all operating conditions. This is equivalent to that the 346 worst case Nyquist curve doesn't encircle or cross point (-1, 0). With this criterion, the operation stability of heating substation is predictable. 
Validation of the nonlinear model
358
The nonlinear model of plate heat exchanger described by Eq. (5) and (6) was 359 established in Simulink (Fig. 10) In this section, the operation stability of heating substation was studied. The 
494
As is shown, the black curve, which denotes the Nyquist curve of the ℎ, = 70 18-(a) shows the variation of ℎ, and desired , , which will lead to instability 
522
As is shown in Fig. 17-(b) , the Nyquist curves of all the possible conditions do not of controller 2 will be stable even in worse condition. In Fig. 18-(b) and Fig. 18-( 
In this paper, the nonlinear ODE model of plate heat exchanger was developed. controller can be retuned to be stable at all operating conditions.
577
Since operation stability of heating substation is the basic requirement of the 578 operation and is of great importance to energy conservation of pumping system,
579
reducing the failure rate of control valve and improving the heating quality of the 580 secondary system, the proposed method will be very helpful and applicable to heating 581 substation controller tuning and operation stability analysis for stable operation. 
618
The transfer function form of the linearized plate heat exchanger model is: 
